Abstract-In the literature, Saleh's description of the AM/AM and AM/PM conversions occurring in communication power amplifiers (PAs) is classified as a representation without memory. We show here that this view must be revised. The need for such revision follows from the fact that the Saleh's representation is based on the quadrature mapping which, as we show here, can be expanded in a Volterra series different from an usual Taylor series. That is the resulting Volterra series possesses the nonlinear impulse responses in form of sums of ordinary functions and multidimensional Dirac impulses multiplied by coefficients being real numbers. This property can be also expressed, equivalently, by saying that the nonlinear transfer functions associated with the aforementioned Volterra series are complex-valued functions. In conclusion, the above means that the Saleh's representation incorporates memory effects.  Keywords-AM/AM and AM/PM conversions, quadrature model, Saleh's representation, power amplifiers, Volterra series, memory effects.
I. INTRODUCTION
ALEH'S description of the AM/AM and AM/PM conversions [1] occurring in communication power amplifiers (PAs) is viewed in the literature, see, for example, a tutorial [2] , as a representation which does not incorporate memory effects. The objective of this paper is to show that this view must be revised because the Saleh's representation [1] is based on the quadrature mapping which, as we show here, can be expanded in a Volterra series different from an usual Taylor series. More precisely, we show here that the aforementioned Volterra series possesses the nonlinear impulse responses in form of sums of ordinary functions and multidimensional Dirac impulses multiplied by coefficients being real numbers. The latter means also, equivalently, that the nonlinear transfer functions associated with the above Volterra series are complex-valued functions.
In the above context, note that there is a related theory, for more details see, for example [3] [4] [5] [6] , which says that the memoryless systems (devices) described by a Volterra series are only such ones which possess the nonlinear impulse responses in form of pure multidimensional Dirac impulses multiplied by coefficients being real numbers. In the multidimensional frequency domains, this means equivalently that the corresponding nonlinear transfer functions of a given system (device) are real-valued constants.
In view of the above, the properties of the aforementioned Saleh's equivalent quadrature model show that it is not a memoryless one. In other words, it is a model with memory.
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II. GENERAL MODEL OF AM/AM AND AM/PM CONVERSIONS AND SALEH'S REPRESENTATION To begin, let us first recall the basics of modelling of the AM/AM and AM/PM characteristics of PAs (or other devices and systems) as it is done in the communications literature; as, for example, in [7] . Then, one applies the following bandpass signal at the PA input 
 
rt , represents also a slowly varying baseband signal. After [7] , the PA output to (1) can be then expressed as The operation described by (2) , which is performed by a PA on the signal   xt having a specific form given by (1) -together with the above accompanying explanations -is called here a general model of the AM/AM and AM/PM conversions. Note that all the other models published, as, for example, the Saleh's model [1] , are its particularizations. Further, justification of its correctness was given, among others, in [7] . By the way, note that such a justification constitute also the derivations presented in [8] which were carried out with the use of the Volterra series method [9] , [10] . 
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where the coefficients and as well as and are assumed to be real values and need adjustment to the measured data for a given amplifier.
III. EQUIVALENT QUADRATURE MODELS
The operation which is used in the theory of communications for getting the so-called in-phase and quadrature components [7] is called here the quadrature mapping. Using it, one can represent the two models mentioned in the previous section in equivalent forms. Such equivalent forms have been already derived in [1] , [11] [12] [13] , and some other works. Here, we recall briefly these results. To do this, note that (2) can be rewritten in an equivalent form as
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From (4), it follows immediately that the in-phase   
and 
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and (8)).
Using the equivalent quadrature representations of the general model of the AM/AM and AM/PM conversions and of its Saleh's version, we will show in the next section that these representations constitute models incorporating memory effects. Moreover, we will show that these memory effects are closely related with the occurrence of the nonzero values of the AM/PM conversion.
IV. QUADRATURE MODEL IS A MODEL WITH MEMORY
In what follows, we will use a version of the quadrature model which was utilized by Benedetto et al. in [14] . This model is convenient for us because its form allows, as we will see later, easy derivation of its Volterra series based nonlinear impulse responses, or equivalently, calculation of its nonlinear transfer functions.
Benedetto et al. [14] used the aforementioned model in their description of a nonlinear device (as, for example, a power amplifier working in its nonlinear region of operation) exhibiting the AM/AM and AM/PM conversions. Their model is shown in Fig. 1 . The quadrature model of Fig. 1 consists of two parallel paths (branches). The upper one represents the model in-phase component and corresponds to relation (5) . But, the lower path is its quadrature component and corresponds to relation (6), respectively. The first branch is described by a real-valued (memoryless) nonlinearity   p g  , which can be represented, for example, by a power series with real-valued coefficients. Similarly, the another nonlinearity   q g  in the lower path is assumed to be real-valued (memoryless), too. Therefore, it can be also modelled by a power series with real-valued coefficients. The difference between the upper and lower paths in Fig. 1 lies in the fact that the latter nonlinearity is preceded 
Note that the relation (9) describes the operation performed by the so-called Hilbert transformer, in the time domain. For more details regarding this topic, see, for example, [15] .
Taking into account (9) and looking at Fig. 1 , we see that the output signal   yt at the nonlinear device scheme of this figure is related with the input signal   xt by the relation
In the next step, we expand the functions (10) .. ..
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in (12) have the values being real numbers. Note now that the successive components in (11) can be expressed in form of the multidimensional convolution integrals with the use of Dirac impulses 3   3  3  1  2  3  1   2  3  1  2  3  3  1   2  3  1  2  3  1  2   3 ,
and so on. So, using (11) together (13) and (12) in (10), we can rewrite the latter in such a way 
The Volterra series used as description of a relation between the output and input signals of a mildly nonlinear device (system) is formulated as [9] , [10] (1) (2) 12
.. ,
where
,, h    , and so on, are, respectively, the first order (linear), second order, third order, and so on, nonlinear impulse responses (Volterra kernels) of the device considered. Furthermore, it is easy to show that the Volterra series given by (15) can be also written in the following form (1) (2) 1 2
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Comparing now the components in the series (14) with the corresponding ones in (16) reveals the nonlinear impulse responses of the device modelled in Fig. 1 . They are given by
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and so on. Note also that these nonlinear impulse responses can be transferred into the multifrequency domains using the following relation [9]             (2) and calculated here with the use of the Volterra series [8] , [16] . These functions are the magnitude and phase, as expressed by (21a) and (21b), respectively, of the function
